Bacterial regulatory networks of gene expression include the interaction of diverse types of molecules such as the small non-coding RNAs (sRNAs) and their cognate messenger RNAs (mRNAs). In this study, we demonstrated that the Salmonella Typhimurium sRNA SroC is significantly expressed between the late-exponential and stationary phase of growth in an rpoS-dependent manner. The expression of flagellar genes predicted as targets of this sRNA was quantitatively analyzed in both a sroC mutant and a SroC-overexpressing (pSroC) strain. Deletion of sroC increased flagellar gene expression (i.e. flhBAE and fliE). Conversely, overexpression of SroC reduced flhBAE and fliE expression. These observations correlated with phenotypic evaluation of motility, where sroC deletion slightly increased motility, which in turn, was drastically reduced upon overexpression of SroC. The effects of deletion and overexpression of sroC in biofilm formation were also examined, where the sroC and pSroC strains exhibited a reduced and increased ability to form biofilm, respectively. Furthermore, electron microscopy revealed that the wild-type strain overexpressing SroC had a non-flagellated phenotype. Taken together, our results showed that S. Typhimurium sRNA SroC modulates the flagellar synthesis by down-regulating the expression of flhBAE and fliE genes.
INTRODUCTION
During adaptation to fluctuating environmental conditions, bacteria have evolved multiple systems that contribute to modulate their physiology. Among these systems, sRNAs represent an useful tool for regulating gene expression due to their low energetic cost and rapid synthesis, particularly when quick responses are needed. The mechanism by which bacterial sRNAs modulate gene expression involves two general modes of action: (i) sRNA-protein interaction; and (ii) sRNA-cognate mRNA direct base pairing, which is the most common mechanism. The sRNA-mRNA interactions, mostly stabilized by the Hfq protein (Vogel and Luisi 2011) , may lead to an up-or downregulation of gene expression. Down-regulatory sRNAs can prevent translation by binding to the ribosome binding site (RBS), or inducing a premature transcription termination by binding to the nascent mRNA (Storz, Opdyke and Zhang 2004; Bossi et al. 2012; Mika et al. 2012) . On the other hand, up-regulatory sRNAs can rearrange mRNA secondary structures that block the RBS, allowing ribosomes access (Storz, Vogel and Wassarman 2011) . Most of the base-pairing sRNAs are encoded in trans and interact with their targets either in the 5 -untranslated region (5 -UTR) or directly in the open reading frame. Many sRNAs have been implicated in the regulation of several physiological processes in bacteria, such as cellular metabolism, quorum sensing, pathogenesis, stress response and adaptation to growth conditions (Michaux et al. 2014) . However, in general, little is known about their precise functions and their biological implications.
Recently, some sRNAs have been discovered to regulate flagella expression and/or biofilm formation in Salmonella enterica serovar Typhimurium and Escherichia coli, mostly by interacting with the mRNA of the flagellar regulator flhDC (De Lay and Gottesman 2012; Mika et al. 2012; Thomason et al. 2012; Kim and Kwon 2013; Sudo et al. 2014) . For instance, the sRNA McaS, a member of the CRP regulon of carbon metabolism, positively regulates the flhDC operon by releasing an inhibitory stem-loop structure that sequesters the RBS (Thomason et al. 2012) . In the group of sRNAs characterized as negative regulators of flagella production we can mention ArcZ, an antiflagellar/probiofilm sRNA that binds to the flhDC 5 -UTR to downregulate the bacterial motility (Mandin and Gottesman 2010) , and activates rpoS translation, indirectly contributing to the expression of CsgD, the master regulator of biofilm formation (Monteiro et al. 2012; Mika and Hengge 2013) . The switch from a planktonic state to a biofilm lifestyle is crucial to optimize bacterial survival and growth under stressful conditions, and the sRNAs represent a suitable alternative for these switching responses. For instance, cells entering into the stationary phase induce the sRNAs CsrB/CsrC, which sequester and inactivate the transcriptional factor CsrA (Jonas and Melefors 2009) . Thus, the expression of CsrB/CsrC in stationary phase may be crucial for the timing of flagellar synthesis and biofilm formation because CsrA up-regulates flhDC expression and negatively regulates the expression of biofilm matrix components (Wei et al. 2001; Wang et al. 2005; Jonas et al. 2010) .
SroC, an Hfq-binding RNA of ∼160 nucleotides conserved in several enterobacteria, is generated by transcription attenuation of the polycistronic gltIJKL mRNA, which encodes a glutamate/aspartate ABC transporter (Vogel et al. 2003; Sittka et al. 2008; Kim et al. 2012; Ortega, Gonzalo-Asensio and García-del Portillo 2012; Miyakoshi, Chao and Vogel 2015) . The role of SroC in bacterial physiology is just beginning to be appreciated with the finding that SroC directly interacts with another sRNA, GcvB, fine-tuning the expression of its targets according to nutrient availability (Miyakoshi, Chao and Vogel 2015) . Here we report that SroC from S. Typhimurium is expressed at late exponential and stationary phases of growth in an rpoS-dependent manner. In addition, predictive algorithms identified some potential SroC mRNA targets encoding flagellar genes. In order to evaluate a possible role for SroC in motility modulation of S. Typhimurium, we analyzed the expression of these putative targets by real time quantitative RT-PCR (qRT-PCR) in sroC-deletion 
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
The strains and plasmids used are listed in Table 1 . The gene sroC from S. Typhimurium 14028s (wild-type, WT) was deleted by the technique of phage λ Red recombinase as previously described (Datsenko and Wanner 2000) . The plasmid for arabinoseinducible expression of the sroC gene into the WT strain (pSroC strain), was constructed using the pBAD plasmid as previously described (Papenfort et al. 2006) . Bacteria were grown aerobically at 37
• C in Luria-Bertani medium (LB). When required, LB was supplemented with ampicillin (100 mg l −1 ) and chloramphenicol (25 mg l −1 ).
RNA extraction, northern blot and real-time PCR
Bacteria were grown overnight in 5 ml of LB medium at 37
• C with shaking and 1:1000 dilutions of the overnight cultures were grown in 25 ml of LB until early-log (OD 600 of 0.3), mid-log (OD 600 of 0.5), late-log (OD 600 of 0.8) or stationary phase (OD 600 of 1.4). The overexpression of SroC was carried out by adding 1 mM arabinose for 20 min prior to RNA extraction. Total RNA extraction was performed as previously described (Figueroa, Wills and Bossi 1991) , northern analysis as previously described (Bossi and Figueroa-Bossi 2007) and qRT-PCR analysis as previously described (Calderón et al. 2014) . Primers used are listed in Table S1 in the online supplementary material.
Motility and biofilm formation assays
Bacterial strains were grown in LB until late-log phase and then 1 μl was placed onto a LB plate containing 0.3% agar (swimming motility plate) or 0.5% agar (swarming motility plate) and 1 mM arabinose. The plates were incubated at 37
• C for 4 h and motility zones from the point of inoculation were examined. For biofilm assay 10 μl of an overnight culture was used to inoculate a 96-well polyvinyl chloride (PVC) microtiter plate containing 90 μl of LB and 1 mM arabinose, and the assay was performed as previously described (Pratt and Kolter 1998) .
Low-voltage electron microscopy
Bacteria were harvested at late-log phase and one drop of a LB diluted sample was placed onto an ultra-thin Lacey carboncoated 400-mesh copper grid and allowed to dry for 10 min prior to image acquisition. For pSroC strain, the overexpression of SroC was carried out by adding 1 mM arabinose for 20 min prior to the corresponding analysis. The transmission electron microscopy images were acquired using an LVEM5 lowvoltage electron microscope (Delong Instruments, Montreal, QC, Canada) at a nominal operating voltage of 5 kV. Digital images were captured using a Retiga 4000R camera (QImaging, Surrey, BC, Canada).
RESULTS
Expression of the sRNA SroC is induced at late-exponential and stationary phase of growth in an rpoS-dependent manner
To gain more insights about the role of SroC, we firstly analyzed the expression pattern of SroC of S. Typhimurium strain 14028s (WT) in the growth curve. A preliminary analysis by northern blot showed that SroC is differentially expressed along the growth curve with minor levels at mid-log phase, reaching upper levels at late-log and stationary phase (Fig. 1A) . Based on this pattern, we aimed to assess the dependence of SroC expression on the major regulator of stationary-phase, RpoS. The sroC expression was quantified by qRT-PCR, revealing an induction of ∼6 times in WT cells at late-log phase that already was not retained in the rpoS mutant strain ( rpoS) (Fig. 1B) , indicating a positive effect of RpoS on SroC expression. The dependence of SroC expression on rpoS was also observed in stationary phase cells (data not shown), but not in cells proliferating at mid-log phase (Fig. 1B) .
Expression of flagellar genes predicted as potential SroC targets is affected in both sroC mutant and SroC-overexpressed backgrounds
To identify potential base-pairing targets of SroC, we performed an in silico approach using the 'sRNATarget' prediction algorithm (Cao et al. 2009 ). Next, candidates were curated using the 'IntaRNA' algorithm (Busch, Richter and Backofen 2008) by visual analysis of the RNA-RNA interactions at 5 -UTR regions that overlap, or are proximal, to the RBS. The potential targets selected for expression analyses were the flhB and fliE genes that encode proteins of the flagellar export apparatus and a flagellar hook-basal body protein, respectively (Müller et al. 1992; Minamino, Iino and Kutuskake 1994) (Fig. 2A ). Since flhB is in an operon with flhA and flhE, we also included these genes in our analysis.
To test whether SroC regulates the expression of flhBAE and fliE, the mRNA levels of each gene were monitored at late-log phase. The transcript levels of flhB, flhA, flhE and fliE genes were significantly increased in the sroC mutant strain, as compared to the WT (Fig. 2B ). This result indicates that SroC negatively affects the expression of the flagellar genes fliE and the flh-BAE operon at late-log phase under the tested conditions. Con- The expression of SroC was also analyzed by qRT-PCR at mid-and late-log phase to evaluate the dependence on rpoS using the rpoS mutant strain ( rpoS) and the corresponding complemented strain (pBrpoS). Asterisks represent statistical significant differences from the mid-log phase ( * * P < 0.005, T-test). Data represent the means ± standard deviations (n = 3).
versely, when SroC was overexpressed from a plasmid under the control of the inducible promoter pBAD (pSroC strain), the qRT-PCR analysis showed that the transcript levels of all these flagellar genes were significantly decreased, as compared to the control strain containing the empty vector (Fig. 2B ). This observation is in accordance with the results of the sroC strain, suggesting that SroC could participate in the down-regulation of bacterial motility during the transition from the exponential to stationary phase. It should be noted that the control strain (pBAD alone) evidenced equivalent expression levels to that of the WT strain (data not shown).
SroC affects motility and biofilm formation
To determine whether SroC plays a role in the modulation of bacterial motility, we assayed the ability of bacteria to swim through standard 0.3% agar (swimming motility), or across the surface of denser 0.5% agar (swarming motility). The sroC deletion slightly increased the swimming and swarming behavior as compared to the WT (Fig. 3) , which is in agreement with the upregulated transcript levels of flhBAE and fliE targets observed in the same mutant background (Fig. 2B) . Inversely, the overexpression of SroC clearly reduced swimming and swarming abilities in the pSroC strain, which appeared non-motile similarly as fliE control strain (Fig. 3) . This non-motile phenotype would be in direct relation with the down-regulation of flagellar genes flh-BAE and fliE observed when SroC was overexpressed (Fig. 2B) . Because motility and biofilm formation are identified as two physiological processes inversely and tightly regulated in the (Busch, Richter and Backofen 2008; Wright et al. 2014) . The flhB and fliE sequences were obtained from KEGG database (Kanehisa and Goto 2000) . (B) Total RNA was extracted from wild-type (WT), sroC and SroC-overexpressing (pSroC) strains grown aerobically in LB media until late-log phase to analyze the expression by qRT-PCR. All values were normalized to the levels of the 16S rRNA. The results represent the expression in sroC or pSroC strain relative to that of WT. Asterisks represent statistical significant differences from the WT ( * * P < 0.005, T-test). Data represent the means ± standard deviations (n = 3).
transition from growth to stationary phase (Mika and Hengge 2013), we assessed the ability to form biofilm in the strains under study. We examined the biofilm formed in a 96-well microtiter plate for sroC and pSroC strains. Slightly lower biofilm formation was observed in the case of the strains harboring the sroC deletion as compared to the WT; in contrast, biofilm formation was significantly induced when SroC was overexpressed (Fig. 4) . Thus, these results suggest that SroC could be involved in the switching from a motile to a sessile lifestyle. Using electron microscopy we demonstrated that, in the transition from exponential to stationary phase of growth, the sroC strain presented an apparently higher number of flagella than the WT strain. Regarding these different flagellar phenotypes, we investigated the expression of the regulator flhDC. We found a slight but not significant increase in the mutant background as compared to the WT strain (data not shown). This result suggests that the apparently high number of flagella and increased motility in the sroC strain mostly responds to the absence of a directly negative effect over the flagellar gene expression of the flhBAE operon and fliE. In turn, the SroC overexpression produced a marked difference inducing a non-flagellated phenotype in the pSroC strain (Fig. 5 ). Together these results further support a role for SroC in the flagella synthesis and modulation of bacterial motility.
DISCUSSION
The bacterial flagellum is an organelle that hooks onto the bacterial surface and contributes to the motility allowing bacteria to move towards attractants and away from repellants (Blair 1995) . Each flagellum is a complex structure of about 25 proteins organized in three distinct substructures: the basal body, a transmembrane motor; the external hook that serves as a flexible coupler between the basal body and the more distal and rigid structure; and the filament, a long helical screw that propels the bacterium when rotated by the motor (Darnton and Berg 2008) . FlhB, one of the putative direct targets identified for SroC, and FlhA are located in the basal body being key players . Biofilm formation assays of the sroC mutant and SroC-overexpressing strains. The biofilm formation was determined in the wild-type (WT), sroC and SroCoverexpressing (pSroC) strains after incubation for 8 and 24 h in 96-well plates. After incubation the broth was removed and the biofilm cells were stained with crystal violet. Absorbance was measured at 570 nm and values were plotted. Asterisks represent statistical significant differences from the WT ( * * P < 0.005, T-test). Results are representative of five independent assays. in the Type 3 secretion system (T3SS) responsible for the flagellum assembly (Macnab 2003) . In turn, FlhE has no role in flagella biogenesis but is required for flagella-dependent swarming (Stafford and Hughes 2007) . Meanwhile, FliE is required for flagellin (FliC) production (Reed et al. 2002) and apparently acts as a structural adapter between the FliF ring and the rod into the basal body (Minamino, Yamaguchi and Macnab 2000; Reed et al. 2002) . Flagellum synthesis requires more than 50 genes grouped in at least 17 operons (Chilcott and Hughes 2000) , and their expression is tightly regulated at transcriptional and posttranscriptional level by several feedback loops (Chevance and Hughes 2008; Mika and Hengge 2013) . This extensive degree of regulation provides the required temporality for the proper flagellar gene expression and assembly, furthermore ensuring that this large structure is made only when it is beneficial for the bacteria to swim. When the nutrient supply is abundant and environmental conditions are optimal, bacteria reproduce exponentially and move freely. When nutrients are consumed or when harsh conditions develop, bacteria grow more slowly and secrete extracellular polymers to encase themselves in an interwoven structure called biofilm. Here we present evidence showing that SroC from S. Typhimurium participates in the down-regulation of bacterial motility, thereby promoting the switch to biofilm formation. Our results indicate that SroC negatively regulates the expression of flhBAE and fliE in the transition from exponential to stationary growth phase. The growth phase-regulated expression of these flagellar genes is in agreement with previous results from E. coli where flhBAE operon expression was monitored as a function of the growth curve, revealing that it was low in early log-phase cells, peaking at mid-log phase and then declining to steady levels as the cultures approached the stationary phase (Amsler, Cho and Matsumura 1993) . For its part, Ogasawara et al. (2011) demonstrated that fliE expression is down-regulated at transcriptional level by CsgD, the master regulator of biofilm formation activated under stress conditions such as starvation and high cell density. Thus, the down-regulation of flhBAE and fliE by SroC may be crucial for throwing the switch from the planktonic to the biofilm lifestyle. Supporting this view, the motility and biofilm formation assays showed an inverse relationship regarding SroC function; the absence of SroC produced an increased motility phenotype but a reduced biofilm production, whereas high levels of SroC produced the opposite effect, namely a non-motile phenotype but an increment in biofilm production. Moreover, the inhibition of the swimming and swarming behavior observed with the repression of the flhBAE operon and fliE by overexpression of SroC is in accordance with previous reports where the null mutation of flhB, flhA or fliE genes completely abrogates the swimming motility in S. Typhimurium (Minamino, Iino and Kutuskake 1994; Reed et al. 2002; Fraser et al. 2003; Meshcheryakov et al. 2013) , or specifically the swarming motility in the case of the flhE null mutation (Stafford and Hughes 2007) . Collectively our results strongly suggest that the expression of the flhBAE operon and fliE genes is repressed by SroC, thereby promoting the switch to biofilm formation. Physiologically, the synthesis of flagella and biofilm matrix components reflects the transition from growth to stationary phase. At the molecular level, they are tightly controlled by various sigma factors competing for RNA polymerase and a series of transcription factors acting in hierarchical regulatory cascades (Mika and Hengge 2013) . When nutrient availability and the overall energy decrease, bacteria enter into the stationary phase where RpoS is the key regulator (Lange and Hengge-Aronis 1991) . Consequently, the flagellar regulatory cascade is turned off in a complex regulatory network that induces the proteolysis of the flagellar regulator FlhDC, and also induces the synthesis of biofilm matrix components curli and cellulose by transcriptional activation of the biofilm regulator, CsgD (Brown et al. 2001; Pesavento et al. 2008; Ogasawara, Yamamoto and Ishihama 2010; Liu et al. 2014 ). Here we show that SroC is significantly expressed from late log-phase in an RpoSdependent manner, which proposes this sRNA as a new functional unit of the inverse regulatory network mentioned previously. As mentioned above, SroC is a sRNA produced from the 3 UTR of the gltI mRNA in a complex and intriguing process where the single promoter of the gltIJKL operon produces both the full-length gltIJKL mRNA and the shorter gltI mRNA (Kröger et al. 2013) . Then, by a mechanism still unsolved that probably involves cis-or trans-acting elements (Miyakoshi, Chao and Vogel 2015) , the transcription termination is regulated and the SroC sRNA is released. Considering this, it is conceivable that the gltIJKL operon should be also under the control of RpoS. In fact, it has been reported that the expression of gltIJKL is negatively affected by the rpoS mutation (Dong and Schellhorn 2009) , further supporting the link between SroC and RpoS. It should be note that in a recent global expression analysis of S. Typhimurium at late stationary phase, SroC was identified as one of the sRNAs whose expression was negatively affected in a rpoS strain (Lévi-Meyrueis et al. 2014) . Further studies are required to determine whether SroC is directly targeting the flagellar mRNAs or rather is an indirect effect through the recently described RNA 'sponge' function controlling the sRNA GcvB regulon (Miyakoshi, Chao and Vogel 2015) . An additional regulatory layer by SroC at post-transcriptional level may provide a fitness advantage for pathogenic bacteria such as Salmonella which must quickly adapt to multiple stresses imposed by the host. The fine-tuning between flagella synthesis and biofilm formation is crucial when Salmonella interact with the host and perform persistent infections. Flagellum expression provides a great advantage for bacteria in the early stage of infection (Robertson et al. 2003) , but once infection is established the turning off of flagellar genes is required to minimize host recognition (Sano et al. 2007) . Future studies oriented in this direction might shed light on how SroC is exactly regulated by RpoS and integrated into the extensive regulatory network surrounding the complex decision to switch from a motile to a sessile lifestyle, and whether all this evidence has any significance in the pathogenesis of S. Typhimurium.
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